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NS1, the 83-kDa major nonstructural protein of minute virus of mice (MVM), is a multifunctional nuclear
phosphoprotein which is required in a variety of steps during progeny virus production, early as well as late
during infection. NS1 is the initiator protein for viral DNA replication. It binds specifically to target DNA
motifs; has site-specific single-strand nickase, intrinsic ATPase, and helicase activities; frans regulates viral
and cellular promoters; and exerts cytotoxic stress on the host cell. To investigate whether these multiple ac-
tivities of NS1 depend on posttranslational modifications, in particular phosphorylation, we expressed His-
tagged NS1 in HeLa cells by using recombinant vaccinia viruses, dephosphorylated it at serine and threonine
residues with calf intestine alkaline phosphatase, and compared the biochemical activities of the purified
un(der)phosphorylated (NS1°) and the native (NS1¥) polypeptides. Biochemical analyses of replicative func-
tions of NS1° revealed a severe reduction of intrinsic helicase activity and, to a minor extent, of ATPase and
nickase activities, whereas its affinity for the target DNA sequence [ACCA],_; was enhanced compared to that
of NS1*. In the presence of endogenous protein kinases found in replication extracts, NS1° showed all func-
tions necessary for resolution and replication of the 3’ dimer bridge, indicating reactivation of NS1° by re-
phosphorylation. Partial reactivation of the helicase activity was found as well when NS1° was incubated with

protein kinase C.

Replication of the single-stranded, linear DNA genomes of
parvoviruses involves the formation of a series of monomeric
and concatemeric duplex DNA intermediates produced by a
unidirectional, single-strand copy mechanism (19, 66). This
mode of replication resembles the rolling-circle DNA replica-
tion mechanism described for bacteriophages, single-strand
plasmids, and geminiviruses (3, 35). The first step of parvovirus
DNA replication, the conversion of the single-stranded ge-
nome to a monomeric duplex, is executed by cellular compo-
nents only and is primed directly from the 3" hydroxyl group of
the nucleotide that is base paired through the folding back of
a terminal palindromic structure (4, 18). For later stages in the
infectious cycle, replication initiates at site-specific, single-
strand nicks introduced by a virally encoded initiator protein
into origin sequences which are located at either end of the
genome (17, 23, 64). The minimal origin sequence at the 3’ end
of parvovirus minute virus of mice (MVM) DNA has been
determined (16). The DNA motif responsible for the specific
interaction with the initiator protein (25) as well as its target
nick site and the covalent attachment have been mapped (16).

The viral initiator protein involved in MVM DNA replica-
tion is a pleiotropic 83-kDa nuclear phosphoprotein called
NS1 (for nonstructural protein 1) (18, 24). A number of studies
carried out in vivo (22, 39, 48) or in vitro (4, 17, 21, 56) with
wild-type NS1 or derivatives obtained by site-directed mu-
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tagenesis have clearly demonstrated the key role of this protein
during distinct steps of parvovirus DNA replication. Indeed,
NS1 proved to be the only viral protein necessary for viral
DNA replication in all cell types. In particular, NS1 is required
for the hairpin transfer of the right-end telomere of mono-
meric replicative forms (4) and for the resolution of concate-
meric replication intermediates (17, 21) as determined with
recombinant NS1 proteins produced by vaccinia virus (53) or
baculoviruses (1). One-step partial purification of NS1 has
been achieved by column chromatography based on immuno-
affinity (70), conventional methods (13), or, alternatively,
Ni**-NTA-agarose columns, taking advantage of a [His], tag
engineered to the N terminus of the viral product (56), and has
allowed a variety of biochemical activities, related to its repli-
cative functions, to be assigned to the NS1 protein. In addition,
some of these activities could be mapped to distinct domains
of the multifunctional protein by the use of site-directed NS1
mutants (see Fig. 1A). Thus, NS1 forms oligomers (54, 60);
exhibits intrinsic ATP-binding, ATPase, and helicase activities
(13, 70); binds site specifically to an [ACCA],_; element that is
present at multiple positions in the viral genome (11, 25);
mediates the site-specific single-strand nicking of replication
origins located in the left-hand (12, 56) and right-hand (27)
terminal sequences; and becomes covalently attached to the 5’
end of replicated viral DNA (4, 16, 20, 23). Besides its multiple
functions during viral DNA replication, NS1 possesses a C-
terminal acidic transcription-activating domain (37) that is able
to trans regulate the parvovirus promoters as well as various
heterologous cellular and viral promoters (29, 38, 61, 67, 68).
Furthermore, NS1 can induce cytotoxic and/or cytostatic stress
in sensitive host cells (6, 7, 52), for which the N- and C-
terminal parts of the polypeptide appear to be important (38).
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The multitude of NSI activities in the course of a viral
infection lead one to speculate that the functions of this
polypeptide might be regulated at least in part through post-
translational modifications. Indeed, NS1 was found to be phos-
phorylated in vivo (1, 14, 24, 50). Precedents for regulatory
pathways involving posttranslational modifications, in particu-
lar phosphorylation, can be found in the control of the cell cy-
cle (33) and neoplastic transformations (44). The dependency
of parvoviruses on host cell entry into S phase (18), as well as
their preferential replication in and toxicity to neoplastic cells
(15, 52), raises the possibility that NS1 is also regulated
through phosphorylation. It is worth noting that there are strik-
ing functional, structural, and even sequence homologies be-
tween NS1 and the simian virus 40 large T antigen (SV40 LT)
(2), which both initiate viral DNA replication, trans regulate
homologous and heterologous promoters, and disturb host
cells. Interestingly, it has been reported that the replicative
functions of SV40 LT are modulated through phosphorylation
(31, 59) to ensure that viral DNA replication occurs during S
phase of the cell cycle. Analysis of distinct replicative functions
of LT revealed that this coordination is achieved specifically
through the origin-unwinding function of the protein (8, 46,
49). Little is known about the pattern or timing of phosphor-
ylation of the parvovirus NS1 protein. Yet, there is evidence
indicating that MVM NS1 phosphorylation occurs early in
infection and persists throughout the infection cycle, while the
phosphorylation pattern changes in the course of a viral infec-
tion (14, 18, 24). Phosphorylated amino acids in porcine par-
vovirus NS1 were found to be for the most part serine and, to
a lesser extent, threonine residues (14, 50). No tyrosine phos-
phorylation of NS1 has been reported so far (1, 14, 50). The
implications of phosphorylation for NS1 functions, however,
have remained elusive to date.

To investigate a possible impact of phosphorylation on NS1
activities in vitro, NS1 was purified from recombinant vaccinia
virus-infected HeLa cells (53, 56) and tested for a variety of
biochemical activities, either in its native form or after dephos-
phorylation with calf intestine alkaline phosphatase. The na-
tive protein and its dephosphorylated derivative, incubated
with endogenous protein kinases present in fully competent
replication extracts, were both able to carry out all functions
necessary for resolution and replication of the 3" dimer bridge
plasmid containing the MVM left-end replication origin (17).
In contrast, in the absence of any added protein kinases, the
ATPase and, especially, the intrinsic helicase activities of the
dephosphorylated polypeptide were markedly reduced com-
pared to those of native NS1, while specific binding to the 3’
origin was enhanced. Rephosphorylation, achieved with a com-
mercially available protein kinase C (PKC) preparation, led to
a partial reactivation of the helicase activity of dephosphory-
lated NSI1.

MATERIALS AND METHODS

Viruses and cells. Recombinant vaccinia viruses were propagated in mono-
layer cultures of BSC-40 or HeLa cells and purified over a sucrose cushion as
previously described (41), except for the release of virus from infected cells by
three cycles of freezing and thawing instead of sonification. MVMp was propa-
gated in A9 cells. HeLa, BSC-40, and A9 cells were grown as monolayers in
Dulbecco’s modified Eagle medium (DMEM) containing 5% fetal calf serum.
HeLa-S3 cells were grown in suspension in Joklik’s medium containing 5% fetal
calf serum, using spinner bottles.

Production and purification of native and dephosphorylated NS1 polypep-
tides. NS1 was produced from recombinant vaccinia viruses in suspension cul-
tures of HeLa-S3 cells. Cells were collected by low-speed centrifugation and
resuspended in serum-free DMEM containing 15 PFU per cell each of vTF7-3
(32) and the appropriate recombinant vaccinia viruses with the NS1 gene under
the control of the bacteriophage T7 promoter (51, 53). The cell-virus suspension
(5 ml; 107 cells) was transferred into a 150-mm? tissue culture dish, incubated for
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2 h at 37°C, and supplemented (to 20 ml) with DMEM containing 10% fetal calf
serum and 190 mM NaCl to favor cap-independent translation from the en-
cephalomyocarditis virus leader sequence present in the pTM-1-based constructs
(51, 53, 54, 56). Cultures (2 X 108 cells each) were harvested 18 h postinfection,
nuclear extracts were prepared (21), and His-NS1 was purified by using Ni**-
NTA-agarose (Qiagen) columns (56). For dephosphorylation, nuclear extracts
containing His-NS1 were adjusted to the appropriate buffer conditions (100 mM
Tris-HCI, pH 8.5; 1 mM ZnCl); supplemented with the protease inhibitors
phenylmethylsulfonyl fluoride (PMSF; 174 pg/ml), leupeptin (1 wg/ml), aprotinin
(1 pg/ml), and pepstatin (1 pg/ml); and incubated for 15 min at 37°C in the
presence of 150 pg of calf intestine alkaline phosphatase (Boehringer Mann-
heim). Dephosphorylated NS1 was immediately purified from other proteins by
affinity chromatography, using Ni>*-NTA-agarose columns. NS1 preparations
were analyzed by discontinuous sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and proteins were detected by Coomassie blue stain-
ing. All mutant NS1 proteins used as controls were tested for their described
biochemical properties.

Production and purification of bacterially expressed GST-NS1. pBacGST-EK-
NS1 was constructed by inserting the BamHI fragment of the cloning interme-
diate pT-GST-NS1 into pGEX-5X-2 (Pharmacia). pT-GST-NS1 was obtained by
PCR amplification of a fragment encompassing the glutathione S-transferase
(GST) part of pGEX-5X-2 with the primer pair 5'-CAGTATCCATGGCCCCT
ATAC-3" and 5'-TCACGCCATGGCCGCTCGA-3', digested with the restric-
tion endonuclease Ncol, and inserted into pTHis-NS1 (56). For expression of the
GST-NS1 fusion protein, Sure bacteria were transformed with pBacGST-EK-
NS1 and grown overnight at 37°C. Cultures were diluted 1:4 and further ampli-
fied for 3 h at 32°C before production of GST-NS1 was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) for 2.5 h at 32°C. Bacteria were
then collected by centrifugation, suspended in sonication buffer (20 mM HEPES-
KOH, pH 8.0; 300 mM KClI; 0.05% Nonidet P-40 [NP-40]; 0.1 mM dithiothreitol
[DTT]), and digested with 1 mg of lysozyme per ml for 10 min at 37°C. The
suspension was supplemented with 25 mM EDTA together with the protease
inhibitors PMSF, leupeptin, and aprotinin, and the bacteria were disrupted by
sonication. The soluble proteins were cleared from insoluble material by cen-
trifugation at 100,000 X g for 1 h, and soluble NS1 was purified by addition of 300
wl of glutathione-Sepharose (Pharmacia) per liter of culture. After being allowed
to attach for 2 h at 4°C and then rinsed extensively with sonication buffer, bound
NS1 was eluted with 10 mM glutathione in sonication buffer at pH 7.5. Since GST
is able to self-associate, GST-NS1 is present as a dimer, as determined by
fast-performance liquid chromatography on Superose 6 columns (57). To avoid
this artifact, the 27.5-kDa GST polypeptide was cleaved off by treatment with
0.25 mg of enterokinase (Boehringer Mannheim) per mg of NS1 for 15 min at
30°C, and GST-free NS1 was further purified on a 5'-AMP column (Pharmacia).

In vivo *2P labeling and tryptic phosphopeptide analysis. After infection with
MVMp (10 PFU/cell) in serum-free DMEM for 30 min, A9 cultures were
incubated for 18 h in medium containing 5% fetal calf serum. Cultures (107 cells
each) were then labeled with [*?P]orthophosphate (ICN) (10~ Ci/cell) in com-
plete medium without phosphate (Gibco/BRL) for an additional 4-h period and
harvested directly in 1 ml of RIPA buffer (20 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 1 mM EDTA; 0.1% SDS; 1% sodium deoxycholate; 1% Triton X-100)
containing the protease inhibitors PMSF, leupeptin, and pepstatin as well as
phosphatase inhibitors (20 mM NaF, 5 mM B-glycophosphate, 5 mM p-nitro-
phenyl phosphate, 5 mM sodium molybdate, 1 mM sodium orthovanadate, and
5 mM sodium phosphate). Immunoprecipitations were carried out with 5 pl of
aNSy, an antiserum raised against the N-terminal 91 amino acids of MVM NS
proteins (26), for 2 h at room temperature. Inmune complexes were precipitated
with protein A-Sepharose (Pharmacia), washed three times with RIPA buffer,
and further purified by 10% SDS-PAGE. *?P-labeled proteins were revealed by
autoradiography after being blotted on polyvinylidene difluoride membranes
(Millipore) (42), and the band corresponding to NS1 was excised. Digestion of
membrane-bound NS1 was performed with 50 U of trypsin (Promega) for 18 h
at 37°C. Tryptic peptides contained in the supernatant were recovered by lyoph-
ilization and analyzed on thin-layer cellulose plates (Merck) in two dimensions,
by electrophoresis (using pH 1.9 buffer) and by chromatography (in phospho-
chromatography buffer) (5).

Site-specific binding of NS1 to the MVM 3’ origin of replication. Site-specific
binding assays using NS1 and the MVM 3’ origin were performed as described
previously (25). Briefly, plasmid pL1-2TC, which contains the minimal active 3’
replication origin (16), was digested with restriction enzymes Sau3A and Narl,
and the DNA fragments were labeled at the 3’ end by filling in with Sequenase
(Amersham), [a-*?P]dGTP, and unlabeled dATP, dCTP, and dTTP. Binding
assays were carried out in 100 pl of a solution containing 20 mM Tris-HCI (pH
8.0), 10% glycerol, 1% NP-40, 5 mM DTT, and 100 mM NaCl, supplemented
with labeled pL1-2TC DNA fragments, 500 ng of oligo-d[I,C], 0.5 mM adenosine
5'-O-(3-thiotriphosphate) (y-S-ATP), and 50 ng of purified NS1. After interac-
tions were allowed to take place for 30 min on ice, 2 pl of antiserum aNSy was
added and the incubation was continued for another hour. Immune complexes
were precipitated with protein A-Sepharose, deproteinized, and analyzed by
nondenaturing 7% PAGE in the presence of 0.1% SDS.

Site-specific nicking of the 3’ origin of replication. NS1-mediated site-specific
nicking and the consequent covalent attachment of NS1 to the 5’ end of the
nicked product were analyzed according to the method of Niiesch et al. (56). The
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substrate containing the 3’ origin of replication was obtained as a 95-bp EcoRI
fragment of pL1-2TC. This fragment was end labeled by a fill-in reaction using
Sequenase, [*?P]dATP, and unlabeled dTTP. Approximately 1 ng of substrate
was incubated with 20 ng of NS1 in the presence of 3 mM ATP for 1 h at 37°C.
The reaction was stopped by adding 0.1% SDS and 2.5 mM EDTA, and immu-
noprecipitations were performed with «NSy. The immune complexes were freed
from proteins by proteinase K digestion and phenol-chloroform extraction and
then analyzed by electrophoresis on 8% sequencing gels.

Helicase assay. Helicase assays were carried out as described previously (56).
M13-VAR, used as the substrate, was prepared by annealing the reverse primer
(Amersham) to M13 single-stranded DNA (Amersham) followed by extension
for 5 min at room temperature in the presence of Sequenase and deoxynucleo-
side triphosphates (ANTPs), including [a->?P]dATP. 3?P-labeled fragments of
various lengths were obtained by addition of dideoxy-GTP and further incuba-
tion for 20 min. Purified NS1 (2 to 200 ng) was incubated with 20 ng of substrate
for 30 min to 1 h in the presence of 3 mM ATP and, when indicated, an ATP
regeneration system that consisted of 25 mM phosphocreatine and 25 ng of
phosphocreatine kinase. The reactions were stopped by addition of SDS and
EDTA, and the products were analyzed by nondenaturing 7% PAGE in the
presence of 0.1% SDS.

ATPase assay. The NSI1 used for ATPase assays was further purified by
centrifugation through a 1.5-ml 15 to 40% glycerol gradient at 50,000 rpm, using
a TLSS55 rotor (Beckman), for 18 h at 4°C. Twenty fractions (75 nl each) were
collected from the top, with peak amounts of NS1 being present around fraction
9. The ATPase activities of individual fractions which had been matched for their
respective NS1 contents, as determined by Coomassie blue staining after SDS-
PAGE, were measured. ATPase assays were performed according to the method
of Wilson et al. (70), using 2 to 20 ng of NS1 protein in a solution containing 20
mM Tris-HCI (pH 7.5), 100 mM NaCl, 5 mM MgCl,, 5 mM DTT, 0.01% NP-40,
and 30 uM ATP, supplemented with 0.5 wCi of [y-**P]ATP (Amersham) (3,000
Ci/mmol) and 0.1 pg of single-stranded DNA, for 20 min at room temperature.
The reaction was terminated by addition of 100 pl of 7.5% (wt/vol) acid-washed
charcoal in 50 mM HCI-5 mM H;PO,, and free phosphate was separated from
unreacted charcoal-bound ATP by centrifugation. A 50-ul sample of the 32P;-
containing supernatant was analyzed by scintillation counting.

In vitro resolution and replication reactions with the left-end bridge fragment.
Resolution of the 3’ dimer bridge of MVM DNA was investigated in vitro as
previously described, using pLEB711 as a substrate (17). Approximately 100 ng
of purified NS1 expressed from HeLa cells was supplied in either native or
dephosphorylated form to HeLa replication extracts. The reaction mixture was
incubated for 2 h at 37°C in the presence of dNTPs (including [*>P]dATP), ATP,
and an ATP regeneration system. The NSl-attached labeled products were
recovered by immunoprecipitation with aNSy and digested with the restriction
endonuclease Scal, and the resulting fragments were further separated into
NS1-bound and NS1-free fractions by centrifugation. These products were ana-
lyzed independently by 1% agarose gel electrophoresis.

In vitro phosphorylation of NS1. Purified dephosphorylated NS1 (100 ng) was
treated with one of the following protein kinases for 30 min at 37°C in the
presence of 10 p.Ci [y->*P]ATP in a solution containing 20 mM HEPES-KOH
(pH 7.5), 5 mM MgCl,, 5 mM KCl, and 0.1 mM DTT: PKC (Sigma; 0.1 U),
casein kinase IT (CKII; Boehringer Mannheim; 5 mU), the catalytic subunit of
cAMP/GMP-dependent kinase (PKA; Sigma; 20 pg), or cdc2 complex (UBI; 10
ng). In some experiments, instead of defined protein kinases, 500 ng of total
protein from HeLa cell extracts was used to phosphorylate NS1. The reaction
was terminated by addition of 0.1% SDS and 2.5 mM EDTA and incubation for
30 min at 70°C. 3°P-labeled NS1 was purified by immunoprecipitation with aNSy
and analyzed by SDS-PAGE.

RESULTS

Production of native and dephosphorylated NS1 polypep-
tides. To evaluate the complexity of NS1 phosphorylation,
potential phosphorylation sites were predicted by computer
analyses and in vivo phosphorylation experiments were carried
out with MVM-infected cells (Fig. 1B and C). Computer
searches limited to three main protein kinases (PKC, CKII,
and PKA) revealed the existence of over 35 consensus phos-
phorylation sequences within the NS1 polypeptide (Fig. 1B).
This complexity was confirmed by tryptic peptide mapping of
in vivo-labeled NS1 (Fig. 1C). Depending on the cell line
tested and the time of analysis during infection, 8 to 12 distinct
phosphorylated peptides could be detected, as illustrated in
Fig. 1C for NSI1 produced in A9 cells 18 h postinfection. At
least four of these phosphopeptides were consistently present
in NS1 preparations from all MVM-infected cell lines tested
and therefore might contain candidate target phosphorylation
sites necessary for NS1 functions (14). To investigate the rel-
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FIG. 1. NS1 phosphorylation. (A) Schematic representation of NS1 and its
functional domains as determined by mutational analyses (for references, see the
text). The black box corresponds to the common N terminus of NS1 and NS2.
The hatched box indicates the region of homology between NS1 and SV40 LT.
The stippled box denotes the transactivation domain which has been deleted in
the mutant NS1d/C67. NLS, nuclear localization signal (**KKx,sKKK?'®). The
sequences corresponding to the metal coordination site (WuHuHuuu) and linking
tyrosine (YxxxK), which are both essential for the nickase function of NS1, as
well as the nucleotide binding site (Gx,GKSxsl) are indicated. The substitution
mutants Y210F and K405R as well as the C-terminal deletion mutant dIC67
(lacking the last 67 amino acids), which are used in this study, are outlined at the
bottom of the scheme. (B) NS1 consensus sites of phosphorylation by PKC,
CKII, and PKA as determined by computer alignments with HUSAR. (C) Tryp-
tic phosphopeptide map of in vivo-labeled NS1 isolated from A9 cells incubated
with [3?P]orthophosphate after MVMp infection. NS1 was immunoprecipitated
with antiserum aNSy, digested with trypsin, and analyzed by two-dimensional
electrophoresis (e¢) and chromatography (c).

evance of NS1 phosphorylation for MVM propagation, the
present study was undertaken to test whether phosphorylation
indeed has an impact on NS1 replication functions, at least in
vitro. To this end, NS1 was produced by recombinant vaccinia
viruses in HeLa cells (53), dephosphorylated (or not) on serine
and threonine residues by using calf intestine alkaline phos-
phatase, and purified on Ni*"-NTA-agarose through an N-
terminal [His], tag (56). The efficiency of the dephosphoryla-
tion procedure was determined by addition of vaccinia virus-
produced NS1 that was P labeled either in vivo, using
orthophosphate, or in vitro, by treatment with PKC in the
presence of [y-**P]JATP. As shown in Fig. 2, the dephosphor-
ylation procedure efficiently removed the *?P label from NS1
(Fig. 2B) under conditions which caused relatively little NS1
degradation (Fig. 2A), as determined after SDS-PAGE by
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FIG. 2. Production, dephosphorylation, and purification of NS1. (A) Full-
length (wild-type) and C-terminally truncated (d/C67) NS1 were produced by
recombinant vaccinia viruses in HeLa cells. Nuclear extracts containing NS1
were treated (dephosphorylated samples, with superscripted “O”) or not treated
(native samples, with superscripted “P”) with calf intestine alkaline phosphatase,
and the NS1 polypeptides were purified by affinity chromatography by means of
their N-terminal [His], tags. The purified samples were analyzed by SDS-PAGE
and Coomassie blue staining. Lanes: 1 and 2, wild-type NS1; 3 and 4, NS1dIC67;
1 and 3, native NS1; 2 and 4, dephosphorylated NS1. (B) Wild-type NS1 pro-
duced by recombinant vaccinia viruses was metabolically *?P labeled in vivo,
using 10° HeLa cells, and extracted by repeated freezing and thawing. Alternative-
ly, dephosphorylated NS1 was 3P labeled in vitro, using PKC. The **P-labeled pro-
teins were then mixed with the same amount of NS1-containing nuclear extract
as used in panel A. Phosphatase-treated or untreated samples were then purified
on Ni?*-NTA-agarose columns and analyzed by SDS-PAGE and autoradiogra-
phy. Lanes: 1 and 2, NS1 labeled in vivo in HeLa cells; 3 and 4, NS1 labeled in
vitro, using recombinant PKC; 1 and 3, mock treatment; 2 and 4, treatment with
calf intestine alkaline phosphatase. The low degree of purification of in vivo
32P-labeled NS1 in lane 1 was probably due to the formation of aggregates
caused by the freezing and thawing procedure used to release the 3?P-labeled
proteins from the cells.

autoradiography and Coomassie blue staining, respectively.
Besides using full-length NS1, we performed many of the sub-
sequent biochemical analyses in parallel with the mutant
polypeptide NS1dIC67 (54), which lacks the C-terminal 67
amino acids corresponding to the transcription-activating do-
main (38). This NS1 derivative, which mimics the underphos-
phorylated 65-kDa NS1* species detected in MVM-infected
cells (25), was included to determine whether a phosphoryla-
tion site(s) essential for viral DNA replication is located within
this C-terminal domain of NS1.

Biochemical characterization of dephosphorylated versus na-
tive NS1. Purification of functionally active NS1, development
of a variety of distinct biochemical assays, and generation of
specific NS1 derivatives by site-directed mutagenesis allowed a
number of activities, such as site-specific interaction with a
consensus DNA motif (25), single-strand site-specific nicking
and covalent attachment to the left-end origin (13, 56), intrin-
sic helicase function, and ATPase activity (70), to be assigned
to the NS1 protein. These developments prompted us to deter-
mine whether phosphorylation had any impact on these prop-
erties of NS1 by comparing native and dephosphorylated NS1
polypeptides purified from recombinant vaccinia virus-infected
HeLa cells.

To measure the site-specific binding of NS1 to the [ACCA],_5
element located within the 3’ origin of replication, plasmid
pL1-2TC was used as a substrate after digestion with Sau3A
and Narl and end labeling of the restriction fragments by a
fill-in reaction with Sequenase (25). The **P-labeled plasmid
fragments were incubated with purified NS1 in the presence of
nonspecific competitor DNA [oligo-d(I,C)] and nonhydrolyz-
able y-S-ATP. Specific NS1-DNA complexes were immuno-
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precipitated with aNSy, an antiserum raised against the N-
terminal 91 amino acids of MVM NS proteins (26); digested
with proteinase K; and analyzed by nondenaturing PAGE in
the presence of SDS. Mutant NS1 Y210, which contains a
substitution of the linkage tyrosine for covalent attachment to
replicated viral DNA (56) and which has been shown to be
severely impaired for site-specific binding to the origin, served
as a negative control in these assays. As illustrated in Fig. 3,
full-length NS1 and C-terminally deleted NS1dIC67 were both
able to immunoprecipitate the plasmid fragment containing
the 3’ origin when supplied in either the native or the dephos-
phorylated form, indicating that NS1 phosphorylation is not
required for the specific interaction with the [ACCA],_; ele-
ment. On the contrary, both dephosphorylated NS1 proteins
(the wild type and the C-terminal deletion mutant) consistently
exhibited a more than threefold-higher affinity for the origin-
containing fragment than did their native counterparts. The
immunoprecipitation of large plasmid fragments can be as-
signed to the known nonspecific DNA-binding activity of NS1,
with the un(der)phosphorylated (NS1°) and native (NS1%)
NS1 forms showing the same ratio of specific to nonspecific
binding [Fig. 3; compare NS1¥ with NS1° (1:3)].

The NS1-mediated nicking of the 3’ origin and the conse-
quent covalent attachment of the polypeptide to the 5" end of
the nicked strand are essential to initiate resolution and rep-
lication of MVM DNA replication intermediates (17, 21, 22).
As depicted in Fig. 4A, this site- and strand-specific endonu-
clease activity can be measured in vitro by using purified NS1
and a cloned 3’ origin (a 3'-end-labeled 95-bp EcoRI fragment
of pL1-2TC) under low-salt conditions without any additional
cellular components (56). Under these conditions, the nicking

ORI

FIG. 3. Site-specific binding of native versus dephosphorylated wild-type
NS1 and NS1dIC67. Purified NS1 was incubated with 3?P-labeled, Sau3A- and
Narl-digested pL1-2TC plasmids containing the MVM active 3’ origin of repli-
cation, in the presence of y-S-ATP. NS1-DNA complexes were immunoprecipi-
tated with aNSy;, and their DNA constituents were revealed by autoradiography
after nondenaturing 7% PAGE in the presence of 0.1% SDS. The fragment
containing the MVM origin is denoted ORI. The NS1 mutant Y210F served as
a control.
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FIG. 4. Site-specific nicking of native versus dephosphorylated wild-type NS1
and NS1dIC67. (A) Diagram of substrate and denatured products of the nicking
reaction. Labeled 3" ends are marked by asterisks, the cross-hatched area delin-
eates the minimal active left-end origin (16), and the nick site is indicated by an
arrowhead. The circled NS1 depicts the covalently linked NS1 at the 5" end of the
nicked strand. The dashed line indicates the predicted unlabeled 42-nucleotide
(nt) single-strand product DNA. (B) For each assay, 3'-end-labeled substrate was
incubated with purified NS1 in the presence of ATP or y-S-ATP as indicated.
DNA which became covalently attached to NS1 was then immunoprecipitated
with aNSy, deproteinized, and analyzed by 8% sequencing gel electrophoresis.
The migration of the nicked product is indicated by an arrowhead. NS1 mutants
K405R and Y210F served as negative controls. Lanes: 1, input substrate (1:20
dilution); 2 and 3, negative controls, using mutant NS1; 4 to 7, wild-type NS1; 8
and 9, NS1dIC67; 2 to 4, 6, 8, and 9, reactions in the presence of 2 mM ATP; 5
and 7, reactions in the presence of ATP-y-S. Residual substrate consists of the
unnicked positive strand coimmunoprecipitated with the NS1-attached nicked
strand, as well as contaminating substrate DNA which was not removed by the
washing procedure.

reaction is rather inefficient, given that site-specific binding to
the NS1 recognition motif [ACCA],_5 is not essential. In con-
trast, nicking is dependent on the supply of hydrolyzable ATP
and of NS1 that contains intact ATP-binding, metal coordina-
tion, and linking tyrosine consensus domains (56). These re-
quirements were confirmed by the present study showing that
significant nicking was achieved by native full-length and d/C67
NS1 in the presence of ATP, but not by the NTP-binding site
(substitution of arginine for lysine at position 405 [K405R])
and active-site tyrosine (Y210F) mutants or in the presence of
v-S-ATP instead of hydrolyzable ATP (Fig. 4B). When dephos-
phorylated NS1 was tested in this assay, nicking was also found
to occur in an ATP-dependent way, albeit to a 5 to 10 times
lower extent than with native NS1. Considering the efficiency
of dephosphorylation (Fig. 2B), these results suggest that phos-
phorylation is not a prerequisite for NS1 nicking activity. Yet
the significantly lower capacity of dephosphorylated NS1 for
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3’ origin nicking, versus that of native NSI1, evident in the
present assay points to this NS1 function as a potential target
for phosphorylation-mediated up-modulation. Current investi-
gations, in which 3’ origin nicking reactions are being per-
formed in the presence of a purified cellular cofactor, the
parvovirus initiation factor (PIF), support these findings (10).

NS1 is thought to facilitate strand displacement synthesis
during MVM DNA replication through its intrinsic helicase
activity. In the presence of hydrolyzable ATP, NS1 proved able
to unwind DNA fragments of a size up to 600 nucleotides from
circular M13 DNA templates (56). Figure 5 presents a titration
experiment in which the unwinding activities of HeLa cell-
derived native and dephosphorylated NS1 were compared, us-
ing the M13-VAR substrate that consists of **P-labeled frag-
ments of various lengths annealed to circular M13 DNA (56).
The NS1 mutant K405R, which is helicase deficient due to an
amino acid substitution at the conserved lysine 405 position in
the nucleoside triphosphate (NTP)-binding domain (53, 56),
served as a negative control to ascertain the NS1 dependence
of the unwinding reactions measured. Wild-type and C-termi-
nally deleted NS1dIC67 both exhibited helicase activity, the
extent of which was reduced more than 30-fold as a result of
dephosphorylation. Therefore, the NS1 helicase function ap-
pears to be under a tight control mediated by phosphorylation.

Furthermore, we investigated a possible effect of NS1 phos-
phorylation on the ATPase activity that is involved in a variety
of biochemical activities described for NS1. Purified NS1 was
supplied with [y->*P]JATP in the presence of single-stranded
DNA as a cofactor (13), and the release of labeled phosphate
was measured by scintillation counting. To minimize contam-
ination with endogenous ATPases present in HeLa cell ex-
tracts, and due to fluctuations inherent in the assay, NS1 prep-
arations were subjected to a further purification step involving
centrifugation through a 15 to 40% glycerol gradient. Fractions
7 to 9 (the last fraction containing the peak amount of NS1)
were analyzed individually, matched for their NS1 content as
determined by Coomassie blue staining after SDS-PAGE. The
average values from multiple experiments, performed with ti-
trated amounts of NS1, were calculated, with their standard
deviations, for two independent dephosphorylated NS1 prep-
arations (no. 1 and 2) and expressed as relative ATPase activ-
ities versus those of native NS1 samples. As presented in Fig.
6, dephosphorylation was associated with a marked impair-
ment (four- to eightfold) of the ATPase activity of native NS1
protein, although a significant residual activity could still be
detected. To confirm that the measured ATPase activity was
derived from NS1, the mutant K405R was used as a negative
control. Similar mutations within the NTP-binding domains of
ADYV NS1 (13) and other ATPases (65) have been shown to
completely abolish the ATPase activity of the respective poly-
peptides. It is worth noting that these measurements were
made at NS1¥ and NS1© concentrations within the linear part
of the dose response, i.e., under conditions in which ATP was
not limiting, allowing the comparison of actual ATPase activ-
ities rather than the affinities of the respective polypeptides for
ATP.

NS1 replication activity. All of the above-presented analyses
of native and dephosphorylated NS1 polypeptides have taken
advantage of assays developed to study the distinct replicative
functions of this protein in the absence of additional accessory
proteins (36, 56, 63). To investigate whether dephosphorylated
NS1, which is deficient for nickase and helicase functions,
could regain these activities when properly rephosphorylated,
we compared the abilities of native and dephosphorylated NS1
polypeptides to resolve and replicate a plasmid containing the
3’ head-to-head dimer bridge in crude cellular replication ex-
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FIG. 5. Helicase activity of purified native and dephosphorylated wild-type
NS1 (A) and NS1dIC67 (B). Helicase assays were carried out by incubating 20 ng
of M13-VAR (*?P-labeled fragments of various lengths annealed to circular M13
DNA) with the indicated amounts (in nanograms) of NS1 in the presence of
ATP. The reaction products were analyzed by nondenaturing 7% PAGE in the
presence of 0.1% SDS. NS1 mutant K405R served as a negative control. Native
(NAT) and heat-denatured (DEN) input DNA are shown on the left as refer-
ences.

tracts that could be assumed to contain the appropriate protein
kinases (see Fig. 8).

NS1 activity was tested in vitro by using HeLa cell extracts
supplemented with pLEB711 as a substrate, in the presence of
dNTPs (including [**P]dATP), ATP, and an ATP-regenerating
system. The *?P-labeled products were analyzed by agarose gel
electrophoresis after immunoprecipitation and Scal restriction
digestion (17). As depicted in Fig. 7, in the presence of repli-
cation-competent NS1, the dimer bridge containing pLEB711
was nicked asymmetrically, leading predominantly to the ex-
tension of the GAA arm by NS1-mediated strand displacement
synthesis and to the production of a covalently closed turn-
around form of the TC arm. This asymmetric resolution pat-
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tern of the palindrome structure (with the arms named after
the unpaired sequence making up a “bubble” in the 3’-terminal
hairpin of the viral DNA) (17) has been recently interpreted in
detail (19). As shown in Fig. 7B, native NS1¥ gave rise to the
expected pattern of left-end bridge resolution products. No
replication was detected with the mutant NS1:Y210F, which
contains a mutation in the active-site tyrosine. Dephosphory-
lated NS1 also proved competent for dimer bridge resolution
and replication when incubated with cell extracts, although the
efficiency was somewhat lower than with the native NS1 (Fig.
7B). This result clearly demonstrates that the phosphatase
treatment did not cause an irreversible inactivation of NSI.
The significant replication capacity of the dephosphorylated
NS1 in cell extracts contrasts with the almost complete inac-
tivity of this protein in the helicase assay (Fig. 5). This differ-
ence might be ascribed either to NS1 helicase function being
dispensable for replication or to the presence of protein ki-
nases in HeLa replication extracts which are able to rephos-
phorylate the phosphatase-treated NS1. The failure so far to
isolate NS1 helicase mutants that are still active in replication
assays (36, 56, 57) rather argues against the former possibility.
Furthermore, the replication extracts used for in vitro replica-
tion assays were subsequently found to be able to rephosphor-
ylate phosphatase-treated NS1 (see below and Fig. 8). Similar
results were obtained when A9 cell extract was used in repli-
cation experiments instead of HeLa cells (data not shown).
Like wild-type protein, the dephosphorylated NS14/C67 mu-
tant (lacking the C-terminal 67 amino acids) exhibited resolu-
tion and replication activity similar to those of its native coun-
terpart in this assay (Fig. 7B). The lower yield of pLEB711
resolution and replication achieved by NS1dIC67% compared
with wild-type NS1¥ in the present experiment can be ascribed
to the fact that the mutant protein was supplied in lesser
amounts than was the wild type. These results confirm that the
C-terminal domain of NS1 is not essential for replication ac-
tivity, as previously indicated (38), and suggest that the pre-
sumed up-modulation of NS1 resolution and replication activ-
ity by phosphorylation can take place to a significant extent in
the absence of this domain.

Reactivation of NS1 helicase activity by in vitro phosphor-
ylation. To test the assumption that phosphatase-treated NS1

o100 |-
3
§ 80 |
'Q °\° (4 =]
£ = | 8| & &
o 60 ™~ - o~ -
3
>
=
& 40 |
2 1
.g 20 - J-
s
Q I_T_l
© 0
#1#2
K405R Ns1P  Ns1©

FIG. 6. Effect of dephosphorylation on ATPase activity of NS1. Released
32P, was determined by scintillation counting after incubation of [y->>P]ATP with
native or dephosphorylated NS1. Average values from multiple assays using
different sucrose gradient fractions are shown with their standard deviation bars
for two independent NS1© preparations (#1 and #2). The NS1 mutant K405R
served as a negative control. Data are expressed relative to the ATPase activity
of native wild-type NS1 (wt®).
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FIG. 7. In vitro resolution of the 3’ dimer bridge by native and dephosphorylated wild-type NS1 and NS1d/C67 in fully competent HeLa cell replication extracts.
(A) Diagram of the plasmid substrate pLEB711 (17, 22) and the resolution products. The MVM dimer bridge, derived from a dimer replication intermediate as a PstI
fragment (P), is marked GAA and TC across the axis of symmetry A, according to the sequence corresponding to the unpaired bubble in the left-end palindrome. The
dimer bridge is cross-hatched in the reaction products. The nick site, as determined by Cotmore and Tattersall (16), is marked with an arrowhead, and the Scal
restriction site used to linearize the replication products is indicated. The resolution of the dimer bridge is asymmetric and gives rise to major (solid lines) and minor
(dashed lines) products (for details, see references 17, 19, and 22). B, NS1 (boldfaced “donut”)-bound extended forms derived from nicking and strand displacement
synthesis across the axis of symmetry; S, NS1-free covalently closed turnaround forms after resolution. (B) The 3’ dimer bridge containing plasmid pLEB711 was
subjected to resolution and replication in fully competent HeLa cell replication extracts in the presence of dNTPs (including [«->*P]dATP), ATP, and an ATP
regeneration system, using native or dephosphorylated wild-type NS1 and NS1d/C67. The reactions were stopped by adding 0.2% SDS and heating at 70°C for 30 min
to disrupt noncovalent binding of NST1 to the replicated DNA. The newly synthesized 3?P-labeled DNA was then immunoprecipitated with «NSy and digested with Scal,
allowing the resolved NS1-attached (B) products and NS1-free (S) products to be isolated and analyzed separately by 1% agarose gel electrophoresis and autora-
diography. The linearized unresolved plasmid, labeled either by nonspecific nick translation (S) or by rolling-circle replication and incomplete resolution (B) of the
circular plasmid, as well as the complete resolution products (TC and GAA arms) are indicated. As reported previously, in vitro resolution of pLEB711 by NS1 is
asymmetric, producing predominantly the extended form of the GAA arm (NS1 bound) and the turnaround form of the TC arm (NS1 free).

NS10 NS10

can be reactivated by in vitro phosphorylation, we analyzed for
an NSI function that could be measured in the absence of
cellular components (i.e., without any endogenous protein ki-
nases). The helicase activity of NS1 was studied in this regard,
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given its above-mentioned dramatic suppression as a result of 5 = i
NS1 dephosphorylation. First, we determined whether phos- B e
phatase-treated NS1 could indeed be rephosphorylated in vitro - ——— -.

by incubation with [y-**P]ATP in the presence of either crude
cell extracts, as a supplier of protein kinases, or commercially -
available PKA, PKC, CKII, or cdc2 complex. As shown in Fig.

8, dephosphorylated NS1 was indeed a target for rephosphor-

ylation by these various kinases under in vitro conditions. As

expected from previous studies showing that a variety of phos- -

phoproteins can be phosphorylated in vitro at sites which are
apparently not targets in vivo, native NS1 could also be further

.o, alliifi24iis e SR - A 8 9
phosphorylated in vitro, but to a lesser extent than phospha-

tase-treated NS1 (Fig. 8, lane 8).

It was then investigated whether the helicase activity lost
after phosphatase treatment could be recovered, at least in
part, by rephosphorylation of the viral protein in vitro. To this
end, phosphatase-treated NS1 was incubated with protein ki-
nases that either were commercially available in a sufficiently
purified state (i.e., did not present significant helicase and/or
DNase activity [CKII and PKC] or were present in crude ex-
tracts which could be used at dilutions exhibiting no measur-
able endogenous helicase activity. CKII failed to reactivate the
helicase function of phosphatase-treated wild-type NS1 or

FIG. 8. In vitro phosphorylation of NS1. Phosphatase-treated or native wild-
type NS1 was incubated with fractionated cell extract or commercially available
protein kinases (PK) in the presence of [y->’P]ATP, immunoprecipitated with
aNSy;, and revealed by autoradiography after SDS-PAGE. HeLa S100 cell ex-
tract was fractionated by chromatography on a phosphocellulose P11 column
(Whatman) into P1 (150 mM NaCl flowthrough), P2 (150 to 400 mM NaCl
elution), and P3 (400 to 1,000 mM NaCl elution) fractions. cdc2, cdc2 complex.
Lanes: 1 to 7 and 9, dephosphorylated NS1 used as a substrate; 8, native NS1
used as a substrate; 1, protein kinases from fraction P1; 2, protein kinases from
fraction P2; 3, protein kinases from fraction P3; 4 to 7, commercially available
protein kinases (cdc2 complex, CKII, PKA, and PKC, respectively); 8 and 9,
protein kinases from HeLa cell replication extracts. The heavily labeled 32-kDa
protein in lane 6 probably corresponds to the autophosphorylated catalytic sub-
unit of PKA present in large amounts in the reaction.
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NS1dIC67 and did not affect the helicase activity of the native
protein (Fig. 9A). In contrast, PKC proved able to restore
substantially the helicase activity of dephosphorylated wild-
type NS1 as well as NS1dIC67 (Fig. 9B). Since the extents of
NS1 phosphorylation achieved by the two protein kinases were
similar (Fig. 8), this result suggests that the up-regulation of
NS1 depends on its phosphorylation at a specific site(s). Fur-
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FIG. 9. In vitro reactivation of NS1 helicase function with protein kinases.
Helicase assays were carried out as described in the legend to Fig. 5, using 10 ng
of native or 30 ng of phosphatase-treated wild-type NS1 or NS14/C67 from
recombinant vaccinia virus-infected HeLa cells or the indicated amounts (in
nanograms) of bacterially produced NS1. The NS1 mutant K405R served as a
negative control. Native (nat.) and denatured (den.) input DNAs are shown as
references. (A) Vaccinia virus-produced NS1 was incubated with 5 mU of CKII
(+ CKII) or without protein kinase (no PK). Lanes: 1, native input substrate; 2,
heat-denatured input substrate; 3, mutant NS1 used as negative control; 4, 5, 9,
and 10, wild-type NS1; 6, 7, 11, and 12, NS1dIC67; 4, 6, 9, and 11, native NS1; 5,
7, 10, and 12, dephosphorylated NS1; 4 to 7, no protein kinase added; 8 to 12,
CKII added to the reactions. (B) Dephosphorylated vaccinia virus-produced NS1
was incubated with the P2 fraction derived from HeLa cells (as in Fig. 8), or PKC
(0.1 U). Lanes: 1, native input substrate; 2, heat-denatured input substrate; 3,
mutant NS1 used as a negative control; 4, native wild-type NS1, used as positive
control; 4, 5, 7, and 9, wild-type NS1; 10 and 11, NS14IC67; 5, 7, and 9 to 11, de-
phosphorylated NS1; 6 and 7, fraction P2 added to the reaction; §, 9, 11, and 12,
PKC added to the reaction. (C) Bacterially produced NS1 (NS1¥) was tested
either in the absence (lanes 2 to 4) or in the presence (lane 5) of 0.1 U of PKC.
The amount of NS1 used in each assay is indicated in parentheses (in nano-
grams). Lane 1, helicase assay performed with 0.1 U of PKC in the absence of NSI1.

thermore, the helicase activity of phosphatase-treated NS1
could also be rescued by incubation of the viral product with
phosphocellulose fraction P2 (150 to 400 mM NacCl elution)
derived from HeLa replication extracts (Fig. 9B), but not with
fraction P3 (400 to 1,000 mM NaCl elution) (data not shown).
In this regard, it is worth noting that PKC and CKII segregate
into fractions P2 and P3, respectively (57, 71).

To ascertain that the above-mentioned modulations of he-
licase activity were due to the phosphorylation state of NS1
and not to side effects caused by the treatments used, NS1 was
also produced in bacteria. NS1 was expressed as a GST-NS1
fusion protein, purified on glutathione-Sepharose, and further
analyzed after cleavage of the 27.5-kDa GST N terminus with
enterokinase. Despite possible protein phosphorylation in bac-
teria (43), only a little helicase activity could be detected with
up to 100 ng of bacterially produced NS1 per reaction in the
absence of added protein kinase (Fig. 9). However, when the
reaction was supplied with PKC, a striking increase in the
helicase activity of the bacterially produced NS1 preparation
was observed (more than 10% of the level determined for an
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equivalent amount of native, HeLa cell-derived NS1). There-
fore, these results substantiated the dependence of NS1 heli-
case function on a phosphorylation pattern that cannot be
achieved effectively in a bacterial context but is provided to a
significant extent by incubation with PKC.

DISCUSSION

The NS1 protein of MVM, a parvovirus, exhibits a number
of functional analogies to the LT of SV40, a papovavirus. NS1
is able to form oligomers and to bind and hydrolyze NTPs, and
it shows DNA helicase activity, site-specific interaction with
target DNA motifs, and transcriptional regulation, in addition
to serving as the essential initiator protein for viral DNA rep-
lication, all properties shared with SV40 LT (for reviews, see
references 31 and 59). Furthermore, NS1 shows striking amino
acid homology to the SV40 LT within the putative helicase
domain (2). Due to these similarities between the two viral
proteins, it is intriguing to use the well-studied SV40 LT as a
paradigm for the control of MVM NS1 functions. The replica-
tive activity of SV40 LT is regulated positively and negatively
by phosphorylation. The cyclin-dependent kinase cdc2 activates
LT by phosphorylation of threonine 124 (46, 49), leading to the
formation of double hexamers competent for bidirectional un-
winding of the SV40 origin in vitro. Interestingly, mutation of
T124 to alanine, while blocking this activation of the unwinding
function, has no effect on the intrinsic DNA helicase activity of
the LT molecule (49). Recently, it has been shown that phos-
phorylation of T124 activates the LT minimal domain required
for specific binding to the central pentanucleotide repeats in
the SV40 core origin, even in the absence of the LT amino acid
sequences involved in hexamer formation (47). This suggests
that although T124 is located outside the minimal DNA-bind-
ing domain, phosphorylation of this residue may induce con-
formational changes within the DNA-binding domain itself.
Negative regulation of LT occurs predominantly through phos-
phorylation of serine 120 and/or 123, which is catalyzed in vitro
by a novel form of CKI in a reaction which appears to be highly
dependent on the tertiary structure of LT (8, 9). The exact step
of the interaction between LT and the SV40 origin at which
this control takes place has yet to be determined. Presumably
these opposing regulatory phosphorylations, in addition to oth-
ers, operate in the infected cell to modulate the different ac-
tivities of LT in an optimal temporal scheme.

The present in vitro study comparing the replicative prop-
erties of NS1° and NS1F, both produced in HeLa cells, showed
that distinct biochemical activities are modulated by the phos-
phorylation state of the polypeptide. By analogy with SV40 LT,
this modulation suggests that NS1 functions may be regulated
by phosphorylation in infected cells, although this remains to
be shown. Un(der)phosphorylated NS1 is still able to bind to
its cognate origin sequence, and it does so with substantially
higher affinity than the native, phosphorylated polypeptide.
This gain of function clearly demonstrates that the dephos-
phorylation procedure used here does not affect the integrity
of the polypeptide. In contrast, dephosphorylation was found
to be associated with a reduction of nickase, helicase, and ATPase
activities. These opposite effects of phosphorylation on distinct
NS1 activities (enhanced DNA binding but reduced enzymatic
activities of NS1© versus those of NS1%) are consistent with a
putative regulation of NS1 by protein kinases. One effect of
such phosphorylation might be to shift the bulk of accumulated
NS1 from one functional state to another as the requirements
for transcriptional regulation and viral DNA synthesis change
during the infection process. However, this remains somewhat
speculative at present, since it is not known whether the pat-
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tern of residues modified in the predominant, phosphorylated
fraction of NS1 does, in fact, change with time during the viral
growth cycle. Extrapolated in vivo, our data could indeed in-
dicate that newly synthesized NS1 has to become phosphory-
lated first before it becomes competent for viral DNA replica-
tion, while other functions requiring site-specific binding but
no DNA unwinding activity might be favored in the absence of
phosphorylation. In this regard, it is worth noting that dephos-
phorylated wild-type NS1 and NS1d/C67 derived from HeLa
cells, as well as un(der)phosphorylated NS1 produced in bac-
teria, became activated for helicase function upon phosphor-
ylation by PKC preparations. The fact that the wild-type NS1
and NS1dIC67 proteins are modulated in the same way through
their phosphorylation state indicates that the C-terminal trans-
activation domain (37) is unlikely to serve as a major (positive
or negative) regulatory component for NS1 replicative func-
tions. This argues against the possibility that the hypophos-
phorylated NS1d/C67, like NS1* present in infected cells (24),
constitutes a product escaping the requirements for DNA rep-
lication of the full-length protein.

Interestingly, all functions of NS1 investigated here are de-
pendent on an intact ATP-binding domain (13, 25, 56) and,
thus, are most likely affected by interaction with this cofactor.
Consequently, regulation of the NS1 ATPase by phosphoryla-
tion might be of central importance for other activities of NSI.
ATP-dependent interaction of proteins with their cognate
DNA motifs has been described for a variety of processes (34,
40, 45, 58) in addition to NS1-driven initiation of viral DNA
replication (25). A constitutive, high-affinity association of poly-
peptides with target DNA, as is the case for many transcription
factors, may not be suitable for pleiotropic proteins, since it
would restrict some of their multiple activities. The involve-
ment of ATP as a cofactor promotes a way to modulate the
interaction of the protein with the DNA, e.g., by induction of
a reversible conformational alteration within the polypeptide
on hydrolysis of the trinucleotide and subsequent release of the
resulting AMP (34). For NS1, site-specific binding to the origin
has been shown to be dependent on the presence of ATP or a
nonhydrolyzable ATP analog such as y-S-ATP, and conditions
leading to reduced ATP hydrolysis increase the affinity of NS1
for its cognate element (25), possibly due to the involvement of
bound ATP in the formation of higher-order oligomers (54,
69). Therefore, the higher affinity of NS1° for the [ACCA], 5
element may be assigned, at least in part, to the reduced ATPase
activity, i.e., to the greater probability of the dephosphorylated
polypeptide being in the ATP-bound form. In this respect,
NS1© can be assumed to participate more efficiently in the
formation of preinitiation complexes with other replication
factors known to be required for MVM DNA replication, such
as RP-A, PCNA, DNA polymerase, or the newly described
initiation factor PIF (12). In addition, NS1 has been shown to
interact with multiple recognition sites, distributed over the
entire genome (25), which have been proposed to serve in
association with NS1 for assembly of the replicative-form DNA
into nucleosome-like structures (30). This kind of high-affinity
interaction of NS1 with its cognate element might also involve
preferentially un(der)phosphorylated NS1. On the other hand,
a constitutive tight association of NS1 with the target DNA
motif might interfere with the origin unwinding that allows
nicking to occur on the exposed single strand and with the NS1
helicase activity that is necessary for unwinding of the double-
stranded template as the replication fork proceeds. This, to-
gether with the energy requirements of helicase and nicking
reactions, would point to the preferential involvement of phos-
phorylated NS1¥, which has higher ATPase activity than NS1©,
in these later steps of viral DNA replication. The reduction of
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the NS1° ATPase function can be expected to be especially
deleterious for processive unwinding of the template DNA
during strand displacement synthesis, a process requiring
larger amounts of energy than local denaturation of the origin
during site-specific nicking. This is in agreement with the ob-
servation that compared to that of the native polypeptide, the
nicking activity of NS1° is reduced to a lesser degree than
helicase activity. It should be stated, however, that DNA un-
winding and site-specific nicking are complex reactions that
can be controlled at several levels besides ATP turnover; i.e.,
their modulation may not be merely a reflection of the NS1
ATPase activity. This is exemplified by the NTP binding site
mutant K405R, which is deficient in oligomerization (54) and
ATP-dependent origin recognition (24), also exhibits a com-
plete loss of helicase and site-specific nickase functions in spite of
the residual ATPase activity measured (56).

NS1 is a pleiotropic protein that contributes to aspects of the
parvovirus life cycle besides replication, such as transactivation
of the P38 promoter, which directs the expression of the capsid
genes (61). NS1 is also a cytotoxic effector molecule whose
expression can lead to the eventual death of the target cell (6).
These NS1-dependent events necessary for virus propagation
take place in a temporal order (62). Thus, expression of the
structural genes peaks after the burst of viral DNA replication
and prior to the appearance of visible cytotoxic effects (18). We
have shown that NS1 dephosphorylation suppresses functions
associated with initiation of viral DNA replication, while the
site-specific affinity of NS1 for the [ACCA], 5 DNA motif is
enhanced. NS1 induces the P38 promoter by binding to the
repeated cognate motifs located within the so-called far ele-
ment, responsible in cis for transactivation of this promoter. It
is therefore tempting to speculate that the enhanced affinity of
hypophosphorylated NS1 for this particular binding site leads
to an increase in P38 promoter activity, thus tipping the bal-
ance between parvovirus DNA replication and structural-gene
expression. The modulation of the biochemical properties of
NS1 in regard to the phosphorylation state could favor capsid
protein production at later stages of infection and thereby
promote the assembly of progeny virus particles. It remains to
be determined, however, whether preformed NS1 undergoes
dephosphorylation and/or newly synthesized NS1 fails to be-
come phosphorylated as the virus cycle progresses.

Though demonstrated here under in vitro conditions for a
few distinct NS1 activities, the phosphorylation-dependent ac-
tivation of NS1 replicative functions may take place in infected
cells. This suggestion is supported by the finding that cell
extracts can fully reconstitute the replicative activities of dephos-
phorylated NS1, resulting in resolution and replication of the
cloned dimer bridge fragment. Moreover, helicase activity, the
NS1 function most affected by dephosphorylation, could be
restored by rephosphorylation due to kinases present in the
replication extracts or purified recombinant PKC (28). This in
vitro specificity has prompted us to search for distinct protein
kinases involved in the activation of NS1 replicative functions.
During MVM infection, NS1 is phosphorylated at multiple
positions, and it is presently unknown which of these phos-
phorylation sites is (or are) relevant for activation of NS1
replicative functions. It is interesting that the helicase activity
of NS1€ is rescued specifically by PKC preparations, since this
protein kinase family has also been implicated in neoplastic
transformation at the cellular level (44). This correlates with
the longstanding observation that parvoviruses preferentially
replicate in transformed cells, compared to the nontrans-
formed parental cells (15).

Recently we established an in vitro replication system devoid
of endogenous protein kinases (28, 55). This system supports
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initiation of replication by NS1¥ but not NS1°, providing fur-
ther evidence that dephosphorylation of NS1 indeed down-
modulates initiation of replication and that protein kinases are
responsible for restoring NS1 activity. This tool should allow us
to screen for distinct protein kinases capable of phosphoryla-
ting NS1 and, thus, activating the protein for replicative func-
tions.
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